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The acoustic contamination preoccupation grows every day. In urban areas, the
higher noise source comes from road traffic, and for speeds up to 40 km/h tire/road
noise prevails over any other source emitted by the vehicle. The mechanisms in-
volved in the noise generation or noise propagation are reflected on the sound
emission spectra as impacts or vibrations related to surface texture, or as acous-
tic absorption, which depends on the asphalt mix characteristic (air voids content,
percentage of binder). This work deals withmeasurements and analysis of the noise
emitted in proximity using the CPXmethodology on different types of pavement, as
well as with factors of influence such as texture or absorption, to characterize and
obtain technological advances in the field of sound-reducing pavements.
Equipments used in this investigation, in the Laboratory of Acoustic Applied
to Civil Engineering (LA2IC ) of the University of Castilla-La Mancha, have been
tuned for measurements, calculus and analysis of tire/road noise parameters. On
one hand, new design pavement have been studied, solution to reduce sound emis-
sion, as mixes with high viscosity binder with crumb rubber, increasing elasticity
and so reducing impact mechanisms. Methods surface texture auscultations have
been developed, using lasers in dynamic or static mode. During this period of in-
vestigation, I realized a 3 months stay in the IFSTTAR Acoustic Laboratory where
I learned how to obtain characteristics parameters of surface texture from the tex-
ture profile, as the MPD and the texture spectra. Thus, surface texture correlation
with experimental data of tire/road noise is possible.
On the other hand, asphalt intrinsic parameters influence on acoustic absorp-
tion has been studied on compacted samples. A Matlab model has been applied.
It allows determining parameters related to asphalt mix design from experimental
measurements (realized with the impedance tube) and acoustic absorption coeffi-
cient simulation.
Finally, an environmental labelling has been proposed for bituminous mixes
with capacity to reduce sound emission, depending on sound emission, acoustic
absorption and surface texture.

1 INTRODUCTION
Luckily the wheel was invented before the car,
the road traffic noise would have been unbearable. H.P. Martz
1 INTRODUCTION
According to preliminary results from the Environmental Burden of Disease
(EBD) in Europe project [13] traffic noise was ranked second among the selected
environmental stressors evaluated in terms of their public health impact.
The EuropeanUnion (EU) enacted a directive, 2002/49/EC [10], on themanage-
ment of environmental noise. This directive defines environmental noise as “un-
wanted or harmful outdoor sound created by human activities, including noise
from road, rail, airports and from industrial sites”. It is a common experience that
noise is unpleasant and affects the quality of life. It disturbs and interferes with ac-
tivities of the individual, including concentration, communication, relaxation and
sleep. Besides the psychosocial effects of community noise, there is concern about
the impact of noise on public health, particularly regarding cardiovascular out-
comes.
To determine the most up-to-date and accurate exposure/response relation-
shipbetween community noise andmyocardial infarction, ameta-analysis was car-
ried out [16, 15, 21]. By 2005, a total of 61 epidemiological studies had been recog-
nized as having either objectively or subjectively assessed the relationship between
transportation noise and myocardial infarction [13]. 30000 cases of myocardial in-
farction are attributed to traffic noise in Germany. [13]. Figure 1 shows howmyocar-
dial infarction risk increases with an increasing noise equivalent level.
Sleepdisturbance is oneof themost commoncomplaints raised by noise-exposed
populations, and it can have a major impact on health and quality of life. Studies
have shown that noise affects sleep in terms of immediate effects (e.g. arousal re-
sponses, sleep stage changes, awakenings, body movements, total wake time, au-
tonomic responses), after-effects (e.g. sleepiness, daytime performance, cognitive
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Figure 1: Combined effect of road noise/myocardial infarction association [13].
function deterioration) and long-term effects (e.g. self-reported chronic sleep dis-
turbance).
Environmental noise may reduce the restorative power of sleep bymeans of re-
peatedly occurring activations (so- called sleep fragmentation). Acute and chronic
sleep restriction or fragmentation has been shown to affect, among other things,
waking psychomotor performance, memory consolidation, creativity, risk-taking
behaviour, signal detection performance and risk of accidents.
WHO defines health as a state of complete physical, mental and social well-
being and not merely the absence of disease or infirmity. Therefore, a high level
of annoyance caused by environmental noise should be considered as one of the
environmental health burdens.
40% of Europeans are exposed to sound levels superior to 55 dB(A), about 20%
of people are exposed to sound levels up to 65 dB(A) and 30% of the population try
to sleep with sound levels above 55 dB(A). Finally, adding the growing appearance
of ear illnesses, it has been estimated that 1 million of years of healthy life are lost
every year to road traffic noise.
On the other hand, studies show environmental noise is one of the primary rea-
sons people move from town to suburbs. Apart from generating more road traffic
noise, the moving of so many people involves a risk for the city income, since in
most countries fiscal fees are directly linked to the number of inhabitants [11].
Noise generates public expenditures. Those costs are related to health (medi-
cal treatments). Housing prices decrease with increasing environmental noise. It
has been calculated that the social cost of European road noise oscillated between
30.000 and 46.000 millions of Euro per year(about 0.4% of the Europe GDP).
ADutch study [26] calculated benefits frommeasures to fight noise in theNether-
lands, applying the reduction of the housing market value in urban areas as conse-
quence of the noise caused by traffic and rail network, reaches almost 10.800 mil-
lion of Euro.
TheDutch government InnovationProgram [1] against thenoise calculated that
per every decibel reduced at its source, 100 millions of Euro could be saved from
terminal measures (acoustic barrier, building insulation).
In 2002 the European Parliament endorsed directive 2002/49 [10] on the eval-
uation and management of environmental noise. The main objective is to supply
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commune basis to deal with the noise problem in the European Union, with 4 prin-
cipal bases:
• Supervise the environmental issue elaborating noise map,
• Inform and consult the public,
• Deal with questions about local noise,
• Develop a long term commune strategy.
The urban development and the increase of sound level are closely linked. Thus,
ground use planning and urban development can contribute significantly to in-
crease or reduce the inhabitant exposure to noise. Avoiding the noise generation is
themore efficient way to reduce noise, and, in a first step, involves influence on the
urban development.
The noise produced by road traffic results from the sumof different sound levels
generated by rolling vehicles. Principally, it comes frommotor car transmission sys-
tems, and the tire/road interaction, as well as from friction between vehicle and the
air. The tire/road interaction dominates the other noise sources above 50 km/h [2].
Furthermore, with the development of electric motors, vehicles aremore andmore
silent, thus it can be assumed tire/road noise dominates the other noise sources
generated by vehicles rolling at lower speed.
Increases in speed of circulation and the fleet of country vehicles [12], as well as
the deterioration of the wearing courses, increase the sound level generated. Hence
the type of courses and the state of road conservation can be considered as deter-
mining the final acoustic behaviour of the pathways.
TheEuropeanGreenbook [8] on future noise policy published in 1996mentions
that traffic road noise reduction will occur via the use of “low noise road surface”.
Tire design is an important factor which influences tire/road noise sound emission
(tread pattern, the material, the width).
However, apart from the speed influence, other parameters associatedwith road
surface can influence sound emission. The design and construction of the road can
affect sound generation and propagation. Surface texture and acoustic absorption
are the main factors that contribute to sound generation and propagation.
Nowadays, different “sound reducer” pavements exist and have laid for various
years, since low noise pavement tends to be safer, more comfortable, cheaper, and
more durable.
The most famous of these is the porous pavement. The first was extended in the
United States in the 1930s. The purpose was to improve the important sealed layer
of the traffic bearing road. At the beginning of the 1970s a lot of states extended this
type of course to improve friction resistance. Porous pavement began to be called
open courses (Open Graded Friction Courses). The open graded courses were de-
signed with interconnected voids allowing for rainwater drainage. In Europe, drain-
ing asphalt was developed at the end of the 1950s for airport tracks, and in the sev-
enties for public road. The first porous layer common public road was extended
in the M40 in the United Kingdom in 1967. Originally, this course was developed
to reduce the water level when raining. Then engineers realized that this type of
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surface offered acoustic benefits as well. Consequently, experiments with porous
asphalt were carried out all over Europe, and many other parts of the world. The
use of porous layer is very common on Dutch highways, and about 60% of the road
network is, now, a porous layer.
Ultrathin layers have been used a lot as well, replacing surface treatments for
road restoration. The thin layers used to be hot bituminous mixes extended in a 20
mm to 40 mm layer. They have been developed in Germany, France, Scandinavia,
Netherlands and United Kingdom as an answer to the need for sustainable road,
safe and durable under increasingly heavy traffic. It is difficult to say when and
where these thin layers have been developed, but it is usually attributed to Ger-
many in the 1970s having carried out the development and the extension of the
first Stone Mastic Asphalt (SMA) mix. In the 1980s various prototypes emerged in
France, with ultrathin layers. These courses present a few more air voids than the
former materials developed in Germany, improve water drainage, and provide a
significant tire/road noise reduction.
The SMA mixes, already mentioned, used to be related to dense pavement but
also can be used as a thin layer. However, they present advantages that dense pave-
ments do not, such as reduced sound level for their open texture. The SMA mixes
are essentially bituminous material characterized by a high proportion of thick ag-
gregate forming a stone-stone skeleton. Thismineral skeleton is refilledwithbinder,
filler, sand and fibres. The role of this skeleton is to bear the weight, and create high
deformation resistance. The binder supplies pavement durability.
On the other hand, now “Green” road tends to be extended, because they are
environmentally friendly due to having a reduced carbon print once produced and
extended. One of the residues that most characterize developed modern society
is wasted tires. Wasted tires are considered non-dangerous residues despite being
flammable.
Although, used tires do not generate any immediate danger, their disposal in an
inappropriate way or production in high quantities can contaminate seriously the
environment. Designed to resist tough mechanic and climatic conditions, they are
resistant to ozone, light and bacteria; thus they are almost indestructible. Further,
storage in landfills does not allow for retrieval of energy or material. In 2000, the EU
member states approved directive 2000/53/CE [9], establishing measures to pre-
vent residues from vehicles and propose recycling and reuse as a way to increase
the value of a vehicle and its components at the end of its useful life. A way to recy-
cle is, once processed, to integrate crushed material used in the pavements, to be
mixed with the binder of a bituminous mix (wet way) or to be part of the aggregate
of a surface treatment (dry way).
Understand one of the major source of noise so that it can be reduced is a com-
mon utility and presents a high scientific interest. The sound emission generated
by the tire/road contact is a new field of investigation, in which much is left to dis-
cover. The mechanisms involved in sound generation are not entirely defined. The
role of the pavement surface texture in the noise is the subject of diverse specula-
tion. Furthermore a sound reducing pavement happens to be a safer road.
The main objective of this thesis is to characterize on an acoustic level different
road layers, in order to understand the mechanisms involved in road noise gener-
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ation and thus participate in its reduction. The sound pressure level generated by
tire/road interaction is principally caused by two mechanisms: at low frequency,
texture influences mainly the sound generation, and at higher frequencies up to
1000 Hz, aerodynamicsmechanisms such as acoustic absorption aremore present.
From the abovementioned, this investigation aims to achieve some specific ob-
jectives:
• Select, acquire and tune up equipments for the characterization of the pave-
ment surface from the road profile measured in a geo-referenced way.
• Develop a methodology to calculate parameter as the MPD (Mean Profile
Depth) and a possible correlation with measurements realized with the sand
patch method [3].
• Develop a methodology to calculate texture spectra from the pavement tex-
ture profile.
• Characterize different types of pavement, on an acoustic level, and textural
level and try to correlate both.
• Measure and simulate acoustic absorption in bituminousmixes to determine
intrinsic parameters of a porous material.
• Establish a system to label environmentally bituminousmixes from the acous-
tic point of view.
The first chapter presents the experimental techniques used to develop this re-
search. Among other equipment, the trailer tiresonic has been used to measure ex-
clusively tire/roadnoise. The texturemeasurements have been carried out with dif-
ferent laser equipments, and allow for characterization of the pavement macrotex-
ture. Finally, the importance of acoustic absorption is shown, as a parameter which
influences sound propagation on certain courses.
The second chapter shows the results and analysis of geo-auscultation realized
on different pavements. For every studied pavement, the sound pressure level is
presented, as well as the sound pressure spectra and texture data; thus the corre-
lation can be studied. Surface treatments with crumb rubber, bituminous mixes
extended in an ultrathin layer with a high viscosity binder, and SMA mixes have
been evaluated.
The third chapter deals with acoustic absorption models to simulate acoustic
absorption, and through a program developed in Matlab the intrinsic parameters
for a porous material are determined.
Finally, the last chapter presents an idea of an asphalt mix labelling, whichmay





At the beginning of this investigation themainpurposewas to analyse themech-
anisms involved in roadnoise generation and propagation, directly at contact level,
and indirectly with acoustic absorption and surface texture. With this aim, mea-
surement equipment and analysis methods, presented in the experimental tech-
niques chapter,were developed. In a first part, theClose ProXimity geo-auscultation
method has been introduced. Measurements have been realized with the trailer
Tiresonic Mk4, a semianechoic chamber, with inside a reference tire. Two micro-
phonesmeasure sound pressure on/at the tire/road contact patch. This equipment
allows measuring exclusively road noise, without wind contribution, reflections, or
motor noise, as can happen with other measurement methods (SPB, basic CPX). In
addition, experimental measurement analyses have been realized, using an instru-
mented vehicle, in the acoustic laboratory IFSTTAR (Nantes).
For both equipment, speed and temperature are key parameters, as well as the
tire state of conservation. A 20000 km wheeled tire can generate 4 dB(A) more than
a new tire when contacting with pavement. Sound level behaviour function of the
speed has been analysed, for different types of pavements, showing higher speed
results at higher sound emission levels. Sound level behaviour as a function of tem-
perature has also been studied. On the contrary, an increasing temperature results
in a decreasing emitted noise, losing around 0.06 dB(A) for Celsius grade and de-
pending on the pavement type [19]. Road noise is a direct result of tire/road con-
tact. One of the principal aims has been, besides the texture equipment acquisition
and tune-up, the study of surface texture influence on sound emission.
Macrotexture depends onmaximumaggregate size used in the bituminousmix.
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Macrotexture has wavelengths from 0.05 mm to 50 mm. The sound spectrum re-
flects macrotexture influence. At low frequencies, higher surface macrotexture in-
duces higher noise. More precisely, at low frequencies (< 1 kHz) the noise increases
withmacrotexture for wavelengths above 10mm. Conversely, for frequencies above
1 kHz, noise decreases with an increasing macrotexture for wavelength below 10
mm.
TheMPD (MeanProfileDepth) characterizesmacrotexture. Surface profilemea-
surements are used to determine macrotexture. Several texture lasers have been
used tomeasure road surface profiles. Texture lasers have been chosen for qualities
of portability, speed and precision, and possible post-data treatments. The Ames
texture scanner is a portable equipment which scans the surface pavement along
multiple lines inside a rectangular area of 7.5 x 10 cm, in situ or in the laboratory.
The so-called LaserDynamic has been used, as well. Hooked on the rear part of
a vehicle, this profilometer allows high speed (> 120 km/h) surface texture profile
measurements. MPD is determined from the road texture profile. Surface texture
data and noise measurement can be analysed in parallel. For texture spectrum, the
LaserStatic has been used; this scanner is another configuration of the LaserDy-
namic. The laser is moved along a rail, and texture profile measurements are made
every 0.1 mm, the optimal resolution to determine texture spectra. The IFSTTAR
laser presents a similar running to the LaserStatic.
The developed methodology to determinate MPD index opens a wide results
field. Depending on the filter used, grade and cut wavelength, MPD value can vary
by 30%.
Acoustic absorption is another indirect parameter which can have a strong in-
fluence on road noise propagation. Acoustic absorption has been measured in the
laboratory with an impedance tube on compacted testubes or samples extracted
from the road, and depends on structural parameters such as thickness and intrin-
sic parameters such as porosity, tortuosity and air flow resistance.
This experimental techniques development allowed roadnoise and surface tex-
ture geo-auscultation from several pavements, oneswith high technological values.
For every different pavement auscultation, tire/road noise has been measured
with the trailer Tiresonic, surface texture has been evaluated and, when possible,
the correlation between these two measurements has been determined. In a first
part, results from bituminous slurry with crumb rubber geo-auscultation results
have been presented. This kind of surface treatment presents high technological
and ecological value. It is interesting to ask if noise can be reduce while keeping a
safe course. Measurements in the Ciudad Real region of Spain have been taken on
the road CM-4106 and in the Andalusia region on the road A-472.
After acoustic auscultationswere carried out at three different times in the course
of one year on the CM-4106, it can be concluded that:
• Differences measured at first auscultation, with or without crumb rubber bi-
tuminous slurries sound levels, reduced. Initially, a surface treatment with
7% crumb rubber emitted 1.5-2 dB(A) less than a conventional slurry. After 6
months, this gap slightly reduced to 1.3 dB(A). One year after the initial mea-
surement campaign, this difference reduced to 1 dB(A).
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• The first auscultation conclusion is reproduced, on an acoustic level, and on
a textural level at low and middle frequencies, giving an idea of how impact
mechanisms have been reduced by crumb rubber.
• One year after the roadwas extended, the high value and low frequency sound
level (below 1 kHz, linked to vibration and impact mechanisms), maintained
its reduction thanks to crumb rubber addition. However, this reduction is
smaller than in previous measurement campaigns.
• Results after the third acoustic auscultation show crumb rubber introduction
is a good measure to reduce sound emission from contact between bitumi-
nous slurries and tire. Environmental condition have been improved in two
ways: wasted tire re-use and acoustic contamination improvement.
• A surface texture to noise correlation seems to exist, but this correlation is
weak.
Experimental slurries have been studied on the roadA-472 aswell, in the project
Fenix framework. From these measurements it can be concluded that:
• In this case, the surface texture worsened over time, leading to poor sound
results for experimental bituminous slurries, especially for a slurry with 10%
of crumb rubber in the aggregate.
• Experimental bituminous slurries have evolved poorly on an acoustic level.
Sound level registered as increased, in spite of the higher surface tempera-
ture registered.
• Experimental data analysis reflects that the sound effectiveness of the exper-
imental test tracks characterized was decreased by traffic and climatological
conditions.
• Bituminous slurry with 10% crumb rubber and 2/4 mm aggregate size, emit-
ted less sound during the first measurement campaign. However, the sound
level during the second auscultation increased until it reached and exceeded
the sound level registered for other experimental tracks even conventional
track.
• Finally, no texture influence on noise generated has been observed, regard-
less of the type of extended slurry.
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• Regarding the possible correlation between surface texture and noise gen-
erated, none has been found for experimental tracks. However, for conven-
tional bituminous slurries, used as reference pavement, the correlation coef-
ficient is slightly better.
Discontinuous micro agglomerates have been also studied. Two road sections
with discontinuous pavement have been evaluated, in which crumb rubber has
been mixed with the binder (wet way).
The first studied section has been extended on the road CM-3109 in the region
of Ciudad Real. The impact of texture on sound emission has been observed. The
experimental test track with higher macrotexture was noisier at middle and low
frequencies.
The second study presents the results of the impact of high viscosity binder in-
corporation (wet way) into a bituminous mix on tire/road noise registered on the
road CM-3102. In this case, the introduction of crumb rubber (wet way) reduced
sound emission, at middle and low frequencies. Low texture level, and possible
muffling on the experimental track with higher viscosity for high binder concen-
tration, can explain this result. In this case, the sound level generated by the experi-
mental track was 4 dB(A) below the conventional track. 6months after the roadwas
laid, this difference reduced to 2 dB(A). Crumb rubber incorporation into binder
seems to led to a decrease in tire/road noise by muffling vibrations. However, long
term results seem to deteriorate, since acoustic qualities are not preserved after
one year. Surface texture evolution in time has not been studied, since the surface
was very smooth and influenced road noise only weakly. Discontinuous pavement
without crumb rubber but extended in ultrathin layer has been studied, as well.
This pavement presents a high air voids content in order to reduce tire/road con-
tact noise. However, against expectation, an ultrathin layer with 25% of air voids
content generated a higher noise level than a conventional pavement (BBTM 11A).
In this case, higher noise levels are linked to frequencies from 200 to 1600 Hz. This
frequency range is related in part to vibration mechanisms. Regarding MPD index
values for experimental and conventional test tracks, it seems that ultrathin layer
noise generation is due to surface texture and vibrationmechanisms, and to amaxi-
mum aggregate size reduction. Thus, surface texture exerts a greater influence than
air voids content on sound level, in this case. In theory, the same experimental mix
with smaller aggregate size should emit less sound pressure at low frequencies. Dis-
continuous micro agglomerate with a high air voids content resulted in a less effec-
tive method than conventional pavement, in terms of reducing tire/road noise.
Regarding the possible correlation between surface texture and contact noise,
the first studied section has given good results.
Finally, SMAmixes havebeen studied. This type of pavement has been extended
for decades in Europe and has been recently introduced in Spain in the framework
of an R&D project. Test tracks present a different size of aggregate. The SMA study
on the road CV-43 in Valencia shows the importance of aggregate size and track
slope. Conclusions are:




• A decreasing slope increases the impact of mechanism generation at low fre-
quency.
• Finally, a first correlation between SMA surface texture and sound emission
spectra has been realized. The influence of aggregate size has been observed
for frequencies above 630 Hz.
Surface texture/ road noise correlation is not speculation. However, it is impor-
tant to note that measurements have not been realized strictly in parallel, since
it is extremely complicated to reproduce the same tracing in successive pathways
(lineways) corresponding to acoustic auscultation and texture auscultation. Low
correlation levels could be due to this lack of colinearity.
Regarding surface texture auscultation techniques learned during a 3 months’
stay in France, several things can be said. First, a Matlab code has been written to
determine texture spectra. This code has been used for the post-treatment data of
surface texture measurements realized in IFFSSTAR laboratory and for data mea-
sured by the LA2IC .
Texture road noise correlation results show that between 50 and 110 km/h the
surface macrotexture has more influence on road noise below 1 kHz and for wave-
lengths above 10 mm. The best correlation is obtained for 50 km/h and 90 km/h as
the reference speed. Importantly, test tracks were separated from the statistic study,
in order to prevent overestimating results.
A wavelength threshold value exists (= 10 mm), at which pavement acoustic be-
haviour changes. For wavelengths above 10 mm and for frequencies below 1 kHz,
tire/road noise increases with texture level. For wavelengths below 10 mm and for
frequencies above 1 kHz, tire/road noise decreases with increasing texture level.
This agreeswith results observed in available literature [31],[20]. It seems thatwave-
length, which influences road noise at low frequencies, tends to decrease with in-
creasing speed.
After the CPX noise study of surface texture and evaluation of the possible cor-
relation, acoustic absorption was the logical continuation in order to fully char-
acterize bituminous mixes. Two theoretical models have been revised which allow
simulating porous or semidense material acoustic absorption. With the Berengier
phenomenological model, sample absorption could be simulated. Using the least
squares method, a fitting on experimental curves in order to determine intrinsic
parameters has been carried out. Porosity, tortuosity and air flow resistance of 95%
of the treated ultrathin samples and 82% of the porous test tubes have been deter-
mined. This study is important, since it can be used as a control method for the
extended courses and comes from a simple acoustic laboratory measurement.
Finally, as a proposal, the last chapter presents an acoustic labelling idea for
asphalt mixes depending on energetic consumption similar to that which exists for
everyday elements such as electrical appliances. This proposal, unique in Spain, is
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